the distribution of values from a reference population. The expected values observed in an individual that deviate from the reference population provide diagnostic information that can aid in selecting individual management procedures. Aging, physiologic conditions, environmental factors, and diseases can all cause deviations in the enzyme, metabolite, and mineral contents of an individual. [1] [2] [3] In many species, reference intervals (RIs) have been determined for specific age and sex categories, resulting in a more sensitive and accurate tool to evaluate physiology and diagnose disease, while also providing insights into the physiology of aging. [4] [5] [6] [7] Cetaceans represent an animal group that comprises all dolphins, porpoises, and whales. A small number of studies have reported on the clinicopathologic analytes of cetaceans, and a subset investigated host and environmental influences on these analytes. However, these studies almost exclusively focused on bottlenose dolphins and beluga whales. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] While variability was detected in these studies, no consistent drivers of the variabilities were detected across studies or species. Challenges and limitations, especially relating to earlier studies, included low numbers of animals and samples, unknown health histories, different laboratory methods, and no control measures to account for fasting status and serum quality.
The first study reporting on pathologic data from killer whales (Orcinus orca) dates back to 1979 22 ; however, this study did not include hematology or biochemistry data. The first study reporting clinicopathologic RIs for killer whales was published in 1983, but samples were collected, and data were analyzed from only 14 whales, and the analytical methodologies used are, in most cases, no longer available. 23 The ex situ killer whale population housed at the SeaWorld facilities provides a unique window into killer whale physiology, and clinicopathologic data collected from this population were recently used to describe physiologic changes which are observed during normal pregnancies (Robeck and Nollens, 2013) . 24 The results of managed population studies are particularly valuable because they allow for longer term follow-up of individuals of known age, health, and reproductive and nutritional statuses. Using data from 2823 blood samples collected as part of the routine preventative medicine program from 32 killer whales over a 22-year period, the main objectives of this study were (a) to describe normal hematologic and serum biochemical analyte variation in clinically healthy killer whales;
(b) to examine the effects of age, sex, and season on this variation;
and (c) to generate insights into biological changes associated with aging in killer whales. Fasting blood samples that were routinely collected and analyzed from all whales either bi-weekly or monthly as part of SeaWorld's preventative medicine program between January 10, 1993 and October 16, 2013 provided the retrospective data for this study. To restrict the data to samples which had been collected from clinically healthy killer whales, samples drawn while on medication, other than multivitamin tablets, were excluded. For deceased whales, samples drawn within 30 days of death were excluded. 20 Based on the previously demonstrated effects of gestation and lactation on hematologic parameters (Robeck and Nollens, 2013) , 24 all samples collected 18 months before and 6 months after parturition or while serum progesterone levels were elevated (>5000 pg/mL) for at least 5 weeks were excluded. Blood samples with any degree of hemolysis were excluded (Morgan et al, 1999).
| MATERIALS AND METHODS

Thirty-two killer whales (Orcinus
25
For venipuncture, the whales were trained to present the ventral surface of their fluke to the attending veterinarian for sampling using a 19-gauge 1. Table 2 ). The number of differences (P < 0.01) detected among analytes of adjacent age groups also decreased with age, with the least differences detected between the adult and aged groups (17/39, 44%) ( Table 2 ).
| Statistical analyses
Seasonal differences (P < 0.01) were detected for 23 (59%) of the analytes (Tables 1 and 3 (Tables 3-7) . Similarly, when controlling for age group, seasonal differences (P > 0.01) were no longer detected in the Hb levels of adult and aged whales. 
| DISCUSSION
Of the variables measured, age had the biggest influence on blood analytes. All 39 blood analytes surveyed in this study were affected by age. Additionally, season and sex influenced 59% and 10% of the analytes, respectively. Many, but not all, of these effects on baseline hematologic and plasma biochemical values had been previously recognized in other cetacean species. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] This report is based on a larger sample size than any of the previously published reports on cetacean RIs, and samples were selected using stringent inclusion criteria, which could account for the high analyte percentages recognized as being significantly affected by these variables.
Contrary to previous publications where sex was shown to be a potentially important influencer of hematologic and biochemical variables in marine mammals, 12, 20, 21 we detected only four (10%) analytes (RDW, MPV, triglycerides, and phosphorus) that differed between male and female killer whales. Male killer whales had higher (P = 0.015) triglyceride levels than female killer whales, whereas free-ranging female dolphins had higher triglyceride levels than male dolphins. 12 The sex differences between RDW, MPV, and phosphorus observed in this study have not been reported in other cetacean studies. Our findings were similar to earlier killer whale studies, which showed that Hb concentrations, HCTs, RBCs, and WBCs did not differ between male and female killer whales. 23 However, many sex differences that were previously described in bottlenose dolphins (10) 39 (100) 23 (59) Hb, hemoglobin concentration; RBC, red blood cell count; MCV, mean corpuscular volume; RDW, red blood cell distribution width; platelet, platelet count; MPV, mean platelet volume; Retic, reticulocyte fraction; WBC, total white blood cell count; Abs segs, segmented neutrophil count; Abs lymphs, absolute lymphocyte count; Abs monos, monocyte count; Abs eos, eosinophil counts; ESR60, erythrocyte sedimentation rate at 60 minutes; BUN, blood urea nitrogen; Creat, creatinine; Tbili, total bilirubin; Tprotein, total protein; globulin, total globulins; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; CK, creatinine kinase; LDH, lactate dehydrogenase; Ca, calcium; P, phosphorus; Na, sodium; K, potassium; Cl, chloride; FIB, fibrinogen. Analytes for which sex, age, and season were a significant factor (P < 0.01) while correcting for each of the other factors, are indicated.
T A B L E 2 Hematologic and serum chemistry analytes (marginal mean, lower 95% confidence limit − higher 95% confidence limit) from 2823 blood samples of clinically healthy killer whales (Orcinus orca), controlling for sex and season
Hb, hemoglobin concentration; RBC, red blood cell count; MCV, mean corpuscular volume; RDW, red blood cell distribution width; platelet, platelet count; MPV, mean platelet volume; Retic, reticulocyte fraction; WBC, total white blood cell count; Abs segs, segmented neutrophil count; Abs lymphs, absolute lymphocyte count; Abs monos, monocyte count; Abs eos, eosinophil counts; ESR60, erythrocyte sedimentation rate at 60 minutes; BUN, blood urea nitrogen; Creat, creatinine; Tbili, total bilirubin; Tprotein, total protein; globulin, total globulins; ALP, alkaline phosphatase; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; CK, creatinine kinase; LDH, lactate dehydrogenase; Ca, calcium; P, phosphorus; Na, sodium; K, potassium; Cl, chloride; FIB, fibrinogen.
a Analytes for which a significant difference was measured between seasons were controlled for by season.
b
Analytes for which a significant difference was measured between sex were controlled for by sex. we have also provided evidence that these physiologic events do not result in hematologic and serum biochemical differences between male and female killer whales as has been proposed. 20, 21 Creatinine levels have been reported to be higher in male dolphins and belugas, which was attributed to the increased muscle mass of male specimens. 15, 16, 19 Male killer whales over 20 years of age (adult and aged groups) are markedly larger than female killer whales 31 and Cornell 23 did note a similar increase in creatinine levels in large adult male killer whales compared with smaller ones. 23 However, in our results, while creatinine differences clearly occurred with age and season, we did not detect differences between males and females.
Most analytes (33/39; 85%) showed a progressive upward or downward trend with age, as would be expected with the true T A B L E 3 Hematologic and serum chemistry analytes (marginal mean, lower 95% confidence limit − higher 95% confidence limit) from 221 blood samples of clinically healthy killer whale (Orcinus orca) calves (0 to <3 years old) for which seasonal differences were detected (N = 23) Hb, hemoglobin concentration; RBC, red blood cell count; MCV, mean corpuscular volume; RDW, red blood cell distribution width; platelet, platelet count; MPV, mean platelet volume; Retic, reticulocyte fraction; WBC, total white blood cell count; Abs segs, segmented neutrophil count; Abs lymphs, absolute lymphocyte count; Abs monos, monocyte count; Abs eos, eosinophil counts; ESR60, erythrocyte sedimentation rate at 60 minutes; BUN, blood urea nitrogen; Creat, creatinine; Tbili, total bilirubin; Tprotein, total protein; globulin, total globulins; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; CK, creatinine kinase; LDH, lactate dehydrogenase; Ca, calcium; P, phosphorus; Na, sodium; K, potassium; Cl, chloride; FIB, fibrinogen. NSD = Post hoc Šidák pairwise comparisons were not significantly different (P < 0.01).
a Analytes for which a significant difference was measured between sex were controlled for by sex.
physiologic changes associated with aging. The number of differences detected between analytes decreased as killer whales transitioned between age groups, with the least number of differences detected between the adult and aged groups, suggesting that the greatest physiologic changes happen during the years of development and growth.
Aging killer whales showed evidence of immune senescence, rather than a state of chronic inflammation reported in aging dolphins. 18 Immune senescence starts as the thymus shrinks, eventually resulting in a decline of naïve T cells. As T-cell receptor repertoire diversity narrows and B cell-induced antibody affinity declines with aging, lymphoid lineage decreases, and myeloid lineage hematopoietic stem cells become proportionally more dominant. In addition, many of the myeloid-derived, innate effector functions including phagocytosis are downregulated by aging as well. In humans, immune senescence leads to both decreased responses to acute infections and poor development of immunologic memory. 32, 33 These and other age-related changes involving the immune system predispose the elderly to infectious diseases, cardiovascular diseases, atherosclerosis, T A B L E 4 Hematologic and serum chemistry analytes (marginal mean, lower 95% confidence limit − higher 95% confidence limit) from 1,084 blood samples of clinically healthy juvenile killer whales (Orcinus orca, 3 to <11 years old) for which seasonal differences were detected (N = 23) Hb, hemoglobin concentration; RBC, red blood cell count; MCV, mean corpuscular volume; RDW, red blood cell distribution width; platelet, platelet count; MPV, mean platelet volume; Retic, reticulocyte fraction; WBC, total white blood cell count; Abs segs, segmented neutrophil count; Abs lymphs, absolute lymphocyte count; Abs monos, monocyte count; Abs eos, eosinophil counts; ESR60, erythrocyte sedimentation rate at 60 minutes; BUN, blood urea nitrogen; Creat, creatinine; Tbili, total bilirubin; Tprotein, total protein; globulin, total globulins; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; CK, creatinine kinase; LDH, lactate dehydrogenase; Ca, calcium; P, phosphorus; Na, sodium; K, potassium; Cl, chloride; FIB, fibrinogen. NSD = Post hoc Šidák pairwise comparisons were not significantly different (P < 0.01).
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Red blood cell parameters (Hb, HCT, RBC, and RDW) of killer whales increased progressively with age. The MCHC value for the red cells decreased, and while this was. statistically significant, the difference was subtle and might be physiologically insignificant.
Erythrocyte parameters reflect the capacity to transport oxygen to ensure metabolic processes, cell survival, and typically increase with age in fish, birds, turtles, and various other mammals. [34] [35] [36] [37] [38] [39] [40] Red cell parameters similarly increased in beluga whales housed at SeaWorld parks. 20 The findings in that beluga whale study and the killer whale findings herein are in contrast with the progressive anemia that has been reported in aging dolphins 18 and a population of managed beluga whales in Taiwan. 21 In humans, anemia in elderly patients can be divided into three subtypes: anemias with a nutrient deficiency (eg, folate), anemias without a nutrient deficiency (eg, anemia of chronic inflammation), and unexplained T A B L E 5 Hematologic and serum chemistry analytes (marginal mean, lower 95% confidence limit − higher 95% confidence limit) from 794 blood samples of clinically healthy early adult killer whales (Orcinus orca, 11 to <21 years old) for which seasonal differences were detected (N = 23) Hb, hemoglobin concentration; RBC, red blood cell count; MCV, mean corpuscular volume; RDW, red blood cell distribution width; platelet, platelet count; MPV, mean platelet volume; Retic, reticulocyte fraction; WBC, total white blood cell count; Abs segs, segmented neutrophil count; Abs lymphs, absolute lymphocyte count; Abs monos, monocyte count; Abs eos, eosinophil counts; ESR60, erythrocyte sedimentation rate at 60 minutes; BUN, blood urea nitrogen; Creat, creatinine; Tbili, total bilirubin; Tprotein, total protein; globulin, total globulins; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; CK, creatinine kinase; LDH, lactate dehydrogenase; Ca, calcium; P, phosphorus; Na, sodium; K, potassium; Cl, chloride; FIB, fibrinogen. NSD = Post hoc Šidák pairwise comparisons were not significantly different (P < 0.01).
anemias. Anemia of chronic inflammation is the most prevalent subtype in elderly people, but the increase in chronic inflammation, which was reported in aging dolphins in one facility, 18 was not detected in these killer whales. Alternatively, the anemia reported in some aging cetaceans might not be present in the killer whales of this study, as they were supplemented with a multivitamin containing folate.
Platelet counts decreased in the aging killer whales, while the MPV progressively increased. Reduced platelet counts have been reported in some beluga whales. 21 Megakaryocytes are the precursor cells of platelets, and dolphins, unlike most other mammals, have megakaryocytes in both bone marrow and spleen, a proposed physiologic adaptation of diving mammals. 41 Considering dolphins and, presumably, killer whales have this extra capability for generating platelets, the decrease in platelet counts might reflect a decrease in the platelet lifespan. 42 Alternatively, the decreased platelet count could be a function of the previously mentioned immune senescence, as platelets are increasingly recognized as immune sentinels, Hb, hemoglobin concentration; RBC, red blood cell count; MCV, mean corpuscular volume; RDW, red blood cell distribution width; platelet, platelet count; MPV, mean platelet volume; Retic, reticulocyte fraction; WBC, total white blood cell count; Abs segs, segmented neutrophil count; Abs lymphs, absolute lymphocyte count; Abs monos, monocyte count; Abs eos, eosinophil counts; ESR60, erythrocyte sedimentation rate at 60 minutes; BUN, blood urea nitrogen; Creat, creatinine; Tbili, total bilirubin; Tprotein, total protein; globulin, total globulins; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; CK, creatinine kinase; LDH, lactate dehydrogenase; Ca, calcium; P, phosphorus; Na, sodium; K, potassium; Cl, chloride; FIB, fibrinogen. NSD = Post hoc Šidák pairwise comparisons were not significantly different (P < 0.01).
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being both modulators and effectors of the immune system. 43 The MPV increased in aging dolphins 18 and killer whales. The MPV represents platelet activity and is most commonly used to discriminate causes of thrombocytopenia. 44 If the platelet count of a killer whale were to drop below the physiologic ranges established in this study, along with a rise in the MPV, diseases such as autoimmune thrombocytopenic purpura, preeclampsia, disseminated intravascular coagulation, and sepsis would need to be considered.
BUN and creatinine increased progressively with age, as had been previously reported in killer whales. 23 These parameters are usually interpreted as renal clearance assays. The whales enrolled in this study were clinically healthy; however, subclinical renal perfusion or clearance might have been decreased in older killer whales.
Alternatively, blood urea is a breakdown product of protein intake, and increased BUN could reflect a higher food intake by the older and larger animals. Creatinine is a breakdown product of creatine T A B L E 7 Hematologic and serum chemistry analytes (marginal mean, lower 95% confidence limit − higher 95% confidence limit) from 248 blood samples of clinically healthy aged adult killer whales (Orcinus orca, 31+ years old) for which seasonal differences were detected (N = 23) Hb, hemoglobin concentration; RBC, red blood cell count; MCV, mean corpuscular volume; RDW, red blood cell distribution width; platelet, platelet count; MPV, mean platelet volume; Retic, reticulocyte fraction; WBC, total white blood cell count; Abs segs, segmented neutrophil count; Abs lymphs, absolute lymphocyte count; Abs monos, monocyte count; Abs eos, eosinophil counts; ESR60, erythrocyte sedimentation rate at 60 minutes; BUN, blood urea nitrogen; Creat, creatinine; Tbili, total bilirubin; Tprotein, total protein; globulin, total globulins; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; CK, creatinine kinase; LDH, lactate dehydrogenase; Ca, calcium; P, phosphorus; Na, sodium; K, potassium; Cl, chloride; FIB, fibrinogen. NSD = Post hoc Šidák pairwise comparisons were not significantly different (P < 0.01).
phosphate by creatinine kinase in muscle and is, in healthy animals, a reflection of muscle mass. 45 However, the decrease in creatinine and, by extrapolation, in muscle mass reported in some other cetacean populations 21 does not occur in this population of killer whales.
Therefore, the combined elevation of both BUN and creatinine with age supports decreasing renal perfusion or clearance in aged killer whales. Considering that the red blood cell parameters, Hb, HCT, and RBC, also progressively increased with age, prerenal causes for decreased renal clearance need to be considered.
The liver-associated analytes, ALP, ALT, AST, and GGT, decreased progressively with age, 45 while total bilirubin increased.
AST and ALT are enzymes present in both cytoplasm and mitochondria of liver, heart, skeletal muscle, and kidney cells, but both enzymes are predominantly found in the liver. 1 Bilirubin is typically interpreted as a hepatic clearance assay. GGT was low in killer whale calves, peaked in juveniles, and then progressively decreased as the killer whales aged. GGT is an enzyme found in high concentration in the liver and kidney, but the GGT enzyme present in the serum is mainly from the hepatobiliary system. 1 The decrease in hepatocellular enzymes and the concurrent increase in total bilirubin could indicate decreased hepatocellular expression of these enzymes and decreased liver clearance capability in aging killer whales. Similar trends were reported in managed and wild beluga whales. 13, 20, 21 However, albumin, which is synthesized by the liver, was higher in the older killer whales of this study.
Young killer whales had higher ALP and calcium levels.
Changes in alkaline phosphatase levels can indicate both liver and bone disorders and bone metabolism since it is primarily present in these tissues. 1 The higher ALP activity and plasma calcium concentration in younger animals are usually attributed to active bone growth. 10, 11, 15, 20, 21 Sodium and potassium concentrations decreased with age, which could imply that changes in the ability of electrolyte and fluid management exist with maturation. 10 Similarly, glucose levels were higher in younger killer whales as has been previously reported in managed killer whales, 23 free-ranging dolphins, 16 managed beluga whales, 20, 21 but not managed dolphins at one facility. 15 Seasonal variation (23 of 39 analytes) was detected in more analytes in this population of killer whales than in any of the previous studies in which the effect of season on blood analytes of cetaceans was explored. 14, [19] [20] [21] The killer whales in this study were housed at approximately 14°C and fed a consistent diet year-round, whereas free-ranging killer whales frequently inhabit places with varying temperatures in search of adequate prey resources. 46 Some of the annual circadian patterns, such as food availability, changes in diving patterns, body condition, and water temperature, to which seasonal variation was attributed in free-ranging cetaceans, are eliminated in this killer whale population. Instead, the high degree of seasonal variation that we detected with high confidence in the dataset could largely be due to diffuse seasonal cycling patterns and the seasonality of sex hormones in killer whales. 29, 30, 47 Alternatively, photoperiods and subsequent endocrine fluctuations that are not related to reproduction, could be the primary drivers. This is supported by the fact that the seasonal impact followed identical trends in the killer whale calf group for most analytes in which seasonality was detected, including sexually immature calves.
The detected seasonal variation in all but one (WBC) of the blood analytes had previously been recognized in other cetacean species. 14, [19] [20] [21] Seasonal variation is surprisingly similar between managed (in this report, and others 20, 21 ) and free-ranging cetaceans. 14 48, 49 and cetacean erythropoietic activity peaks in the summer months. 14, 20 Creatinine levels could be caused by muscle volume and activity, and dietary protein intake, to a lesser degree. 1 It appears that either muscle mass or metabolism fluctuates by season, even in populations with a consistent diet, food intake, and activity level.
Established RIs are important tools used in the care and diagnostics of managed and stranded animals. RIs are also used for population health investigations. Wild killer whale populations are exposed to stressors such as food limitations and the persistent presence of organochlorines, which are suspected of being immunomodulatory. [50] [51] [52] The availability of established RIs for killer whales and an understanding of the variables affected by physiologic stimuli will be necessary for investigations into the impact of these stressors on killer whales. The subjects in this study were clinically healthy killer whales, free of parasites, free of immunomodulatory organochlorine pollutants, and fed a consistent and adequate diet. In addition, samples were collected without cortisol-induced artifacts as would be triggered by the capture of a free-ranging cetacean. Therefore, it is expected that free-ranging killer whale blood analyte levels would deviate from those reported here. 19, 20, 53 However, the sample numbers needed to establish RIs cannot be obtained from free-ranging killer whales. This dataset and the trends described herein provide a unique and invaluable tool for evaluating free-ranging killer whales, especially when extrapolated and interpreted by experienced cetacean clinicians.
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